Into contact with fibrin during numerous physiological and pathological processes, but the nature of this Interaction Is poorly understood. The Interaction of fibrin and endothelial cells was examined by Incubating bovine aortic endothelial cell monolayers in vitro with flbrlnogen (100 pig/ml) In medium supplemented with 10% calf serum. This treatment produced a layer of fibrin above the endothelial cell monolayer, which Induced disorganization of the monolayer and remained associated with the monolayer even after washing. Endothelial cell pinocytosis of 14 C-sucrose was elevated by 25% and 60% after Incubation with fibrin for 8 hours and 2 days, respectively. Fibrin deposition on endothelial cell monolayers Increased the rate of DNA synthesis ( 3 H-thymldine Incorporation) for 1 to 3 days by as much as 60% over controls. Concomitant with the lysis of fibrin above endothelial cells and the reorganization of the monolayer at Days 4 or 5 was a reduction of endothelial cell pinocytosis and DNA synthesis to control values. In contrast, there was no effect on the cell density at any time after Incubation with fibrin. These results Indicate that fibrin Interacts with endothelial cells and induces a disorganization of the monolayer that Is accompanied by changes In the rate of pinocytosis and In the rate of DNA synthesis. (Arteriosclerosis 3
F ormation of a fibrin clot on the endothelium may play an important role during the process of atherosclerosis. 1 " 4 Fibrin deposits have been observed on and under endothelial surfaces, 15 " 7 and these deposits are a common feature of a variety of diseases, including pre-eclampsia 8 and malignant hypertension. 910 Fibrin deposition on endothelial cells (EC) in vivo 8 and in vitro 11 has resulted in the disorganization of the normal endothelial monolayer architecture. It has been suggested that this disorganized endothelium promotes atherogenesis, since this would expose the subendothelium over an extended period of time resulting in increased platelet adhesion. 11 It has also been suggested that platelet adhesion and local release of platelet granules may stimulate local proliferation of smooth muscle cells. 12 The disorganized endothelium would no longer be an effective barrier to plasma proteins which are normally excluded from the vessel wall. Such an abnormally permeable endothelium is, in fact, frequently observed in atherosclerosis. 13 EC in vivo 14 and in vitro 15 produce and secrete plasminogen activator(s). The plasminogen activator converts plasminogen, a proenzyme present in blood, to plasmin which dissolves clotted fibrin. 16 Plasminogen activator activity in cultured EC is affected by various substances, such as thrombin 17 or serum. 18 Plasminogen activator activity is also affected by atherogenic risk factors. 19 Reduced plasminogen activator activity would result in the localization of fibrin on EC for prolonged periods, causing continued endothelial disorganization. Kadish et al. 11 have suggested that the increase in EC movement induced by fibrin is a mechanism by which EC can increase their surface area to optimize the exposure and penetration of plasminogen activator into the 15 clot. Increased EC movement accompanied by an increase in EC surface area induced by fibrin could lead to a change in other cell surface functions, such as the altered uptake and transport of macromolecules. One important mechanism by which EC regulates the transport of macromolecules is through the regulation of pinocytosis. Davis et al. 20 have observed that increased pinocytosis accompanies the regeneration of EC in culture. 20 Therefore, an important question is whether the disorganized monolayer is released from contact inhibition resulting in increased cell turnover and increased pinocytosis. The present study investigates the effect of fibrin on the rate of pinocytosis and DNA synthesis in confluent EC monolayers in vitro.
Methods

Cell Culture
Bovine aortic endothelial cells were isolated, cloned and subcultured according to procedures described by Gospodarowicz et al. 21 EC were routinely cultured in media supplemented with 10% calf serum (CS) and maintained in the presence of fibroblast growth factor. EC from Passages 3 to 10 were used in these studies.
To determine the effect of fibrin on EC monolayers, we grew EC in multiwell dishes and maintained them in culture for 1 week after they reached confluence. A stock solution of 2.5 mg/ml fibrinogen (plasminogen-free, Miles Biochemicals, Elkart, Indiana) was prepared and sterilized by passage through a 0.22 /i Millipore filter. Fibrinogen was diluted to 100 fig/m\ in 10% CS immediately before use. The medium above confluent EC monolayers was aspirated and replaced with either 10% CS or 10% CS containing 100 ^g/ml fibrinogen. The cultures were then incubated at 37°C for up to 5 days.
Indirect Immunofluorescence for Flbrlnogen/Flbrln
Confluent EC grown on coverslips were washed three times with Hepes-buffered Dulbeccos 1 modification of Eagle's medium containing 0.5% bovine serum albumin (HES). The cultures were fixed for 20 minutes at 22°C with 1% paraformaldehyde in medium, rinsed, treated with 0.1 M glycine in medium for 10 minutes at 22°C, rinsed and permeabilized by treatment with 1% saponin in medium. The cultures were rinsed three times with HES and incubated for 20 minutes at 22°C with a 140 dilution of rabbit antiserum against bovine fibrinogen (Cappel Laboratories, Cochranville, Pennsylvania) in HES. The cultures were rinsed with HES and incubated for 20 minutes at 22°C with a 1:40 dilution of rhodaminelabeled goat antirabbit IgG (Cappel) in HES. After rinsing, the coverslips were mounted in phosphatebuffered glycerol. Fluorescence was visualized on a Zeiss fluorescent microscope equipped with epi-illu-mination; photographs were taken on Kodak Tri-X film.
To remove contaminating antibodies to bovine fibronectin in the commercial antiserum, the antiserum was initially absorbed against a bovine fibronectin-Sepharose affinity column. Bovine fibronectin was prepared from bovine plasma by gelatin-Sepharose affinity chromatography according to the procedures described by Engvall and Ruoslahti. 22 Fibronectin was coupled to cyanogen bromide activated Sepharose (Pharmacia Fine Chemical, Piscataway, New Jersey) according to the manufacturer's instructions at a ratio of 3 mg fibronectin/ml packed Sepharose. The fibronectin-Sepharose column (0.9 x 10 cm) was equilibrated in phosphatebuffered saline (PBS) at a flow rate of 10 ml/hr. Rabbit antiserum against bovine fibrinogen (1 ml) were applied to the column and eluted with PBS. Fractions of 0.5 ml were collected and fractions with OD;^absorbing material were pooled and subsequently used in this study.
Measurement of Pinocytosis
Vascular ingestion (micropinocytosis) was examined by determining the uptake of 14 C-sucrose according to procedures described by Davies and Ross. 23 The medium above the cultures was removed and replaced with 5 /xCi/ml of 14 C-sucrose (New England Nuclear, Boston, Massachusetts, specific radioactivity 396 Ci/mmole) in medium supplemented with 10% CS. After incubation at 37°C for various periods of time, the cells were washed three times with PBS, trypsinized, and centrifuged. The pellet was washed three times and resuspended in PBS. One aliquot was removed for determining the cell number, and the radioactivity in another aliquot was determined by liquid scintillation counting. The data are expressed as mean values from three replicate dishes ± the standard deviation.
Measurement of DNA Synthesis
The rate of DNA synthesis was determined by the incorporation of 3 H-thymidine into acid-precipitable material as described by Schwartz et al. 24 The media above the cultures were removed and replaced with 1 /iCi/ml 3 H-thymidine (New England Nuclear, Boston, Massachusetts, specific activity 60 mCi/mmol) in media supplemented with 10% CS. The cultures were incubated for 4 hours, the medium were removed, and the cells were washed three times with cold PBS and were trypsinized. One aliquot of the cell suspension was used for determining the cell number and another aliquot was centrifuged. The cells were resuspended in 10% TCA and incubated for 20 minutes at 4°C. The precipitate was centrifuged and washed twice with cold 10% TCA. The precipitate was dissolved in 0.5N NaOH and the radioactivity was determined by liquid scintillation counting. The data are expressed as mean values from three replicate dishes ± the standard deviation. 
Results
Interaction of Fibrin with EC
Incubation of EC monoiayers with media supplemented with 10% CS and 100 /ig/ml fibrinogen resulted in the formation of a layer of fibrin above the monolayer (Figure 1 ). This layer of fibrin formed within 3 to 4 hours and was accompanied by the disorganization of the monolayer. This layer of fibrin remained associated with the monolayer even after removal of the media above the cells and washing of the monolayer. Furthermore, the fibrin associated with the cells could be detected by staining for fibrinogen/fibrin by indirect immunofluorescence ( Figure  1 ). Lysis of the fibrin layer above the endothelial cells occurred within 4 to 5 days, resulting in the reorganization of the monolayer; little fibrin was detected by immunofluorescence associated with the monolayer at day 5. Incubation of the EC in serum-free media supplemented with 100 /*g/ml fibrinogen did not result in fibrin formation or in morphological alterations in the monolayer (data not shown).
Effect of Fibrin on EC Plnocytosls
An important physiological function of endothelial cells in vivo is the regulation of paniculate uptake and transport. To determine if the disorganization of the normal architecture of EC monoiayers induced by fibrin is accompanied by a change in the biochemical functions of EC, we investigated the effect of fibrin on EC pinocytosis. To examine the initial effects of fibrin deposition on EC pinocytosis, we incubated EC with 10% CS supplemented with 14 C-sucrose (5 /zCi/ml) in the presence or absence of 100 /ig/ml fibrinogen. After incubation for various periods of time, the radioactivity associated with the cells was determined. The rate of pinocytosis of 14 C-sucrose by EC in 10% CS was linear for up to 12 hours ( Figure 2 ). Pinocytosis of 14 C-sucrose by EC incubated with 10% CS and 100 /ig/ml fibrinogen was not affected after incubation for up to 4 hours. However, fibrin increased the rate of EC pinocytosis by 25% over the control values after an 8-hour incubation (Figure 2) .
To examine the long-range effect of fibrin on EC pinocytosis, we incubated EC in 10% CS in the presence or absence of 100 pig/ml fibrinogen. At 1 to 4 day intervals, the rate of pinocytosis of 14 C-sucrose was determined. Pinocytosis of 14 C-sucrose assayed at 37°C in EC incubated in 10% CS remained unaltered over the 4-day period (Figure 3 ). However, the rate of pinocytosis of 14 C-sucrose in EC incubated with 10% CS supplemented with 100 pig/ml fibrinogen increased up to 60% at Day 2 and decreased thereafter ( Figure 3 ). It has been shown 25 that EC pinocytosis is inhibited at low temperatures. When assayed at 4°C, a minimal amount of 14 C-sucrose became associated with EC, presumably due to nonspecific absorption of sucrose to the cell surface. Fibrin appears to have no effect on the nonspecific absorption of 14 C-sucrose to EC at 4°C (Figure 3 ).
Effect of Fibrin on EC DNA Synthesis and Cell Number In vitro
EC in vivo and in vitro form a contact-inhibited monolayer and exhibit a low rate of DNA synthesis. To determine if the disorganization of EC monolayers in vitro by fibrin released EC from contact inhibition, we investigated the effect of fibrin on EC DNA synthesis. EC monolayers were incubated with media supplemented with 10% serum with or without 100 pig/ml fibrinogen. The cultures were incubated at 37°C for 1 to 5 days and the rate of incorporation of 3 H-thymidine into acid-precipitable material was measured. Fibrin deposition on EC monolayers increased the rate of DNA synthesis for 1 to 3 days with a maximum obtained at Day 2 (Figure 4 ). Concomitant with the lysis of fibrin above EC and the reorganization of the monolayer at Day 4-5 ( Figure  1 ) was a reduction of DNA synthesis to control values ( Figure 4) . In contrast, there was no effect on the cell density at any time after incubation with fibrin.
To determine if the cell population density was maintained by the regulation of cell loss, we determined the effect of fibrin on the number of cells floating in the media. Fibrin deposition on EC for 1 day did not cause a significant increase in the number of cells floating when compared to controls (Table 1) . However, fibrin deposition on EC over 4 days caused a sevenfold increase in floating cells. In contrast, the number of cells floating in control cultures containing only 10% CS approximately doubled from Day 1 to Day 4 ( Table 1) . 
Discussion
The present study describes a system by which the interaction of fibrin with EC monolayers can be examined over several days. Fibrin induced a disorganization of the monolayer, which resulted in changes in the rates of pinocytosis and DNA synthesis. Although fibrin appeared to have no effect on cell density, the present results indicate that the cell density was maintained by the regulation of cell loss. A similar effect on EC growth was observed when EC were treated with colchicine or vinblastine. 26 Retraction of one cell from another in response to colchicine or vinblastine results in cell replication, with the cell density maintained through the regulation of cell loss. 28 It is possible that fibrin acts in a similar manner by causing cells to retract from one another, initiating cell movement that results in the release of EC from contact inhibition. Fibrinogen (100 /xg/ml) incubated in serum-free medium did not induce morphological changes in EC, while low molecular weight fibrin degradation products have reportedly been toxic for EC in vitro. 27 Morphologic changes in EC also have been induced with collagen, 28 suggesting that EC do not react specifically to fibrin but rather to contact with a fibrous matrix or gel. However, since fibrin is known to induce disorganization of EC in vivo 8 and plays an important role in numerous diseases such as venous thromboembolism, heart attacks, strokes and peripheral arterial diseases, 29 it appears that fibrin is a useful physiological agent for studying factors involved in the initiation of vascular diseases.
Much of the recent interest in the contribution of fibrin to atheroma stems from studies of Durguid, 1 which indicate that many of the lesions we now classify as atherosclerosis are actually arterial thrombi transformed into fibrous thickenings. Strong support for the role of fibrin in the development of atherosclerosis has been reported by several laboratories. 5 " 7 Furthermore, numerous studies have indicated that plasminogen activator levels are lowered by atherogenic risk factors. 1930 " 35 High lipid diets, which result in increased plasma levels of low density lipoprotein, cause inhibition of fibrinolysis. 30 ' 31 Diabetes mellitus, 32 smoking, 33 obesity, 34 and hypertension 35 also are associated with reduced fibrinolytic inhibition. Reduced fibrinolysis may result in the localization of fibrin on EC for prolonged periods causing continued endothelial disorganization, prolonged platelet adhesion, and the release of platelet-derived growth factor.
One important biochemical role of EC is the regulation of particular uptake and transport. 36 In cells that are not specialized for phagocytosis, internalization of extracellular fluid with its accompanying soluble substances is thought to occur by pinocytosis. The present study indicates that fibrin increases pinocytosis of 14 C-sucrose by EC. Davies et al. 20 have demonstrated an increase in EC pinocytosis and proliferation upon wounding of confluent EC monolayers with a Pasteur pipette. These authors have suggested that increased pinocytosis during EC regeneration might produce lipid uptake and fibromuscular intimal thickening. 20 However, it is important to note that the mechanisms and structures involved in macromolecular transport across the endothelium are not completely understood and continue to be a matter of controversy. 37 It remains unclear whether the transport of macromolecules across the endothelium occurs via vesicle translocation, the formation of transendothelial chains of vesicles, or some other yet unidentified means. 36 In addition, molecular size, charge,and glycosylation have been shown to be important factors that facilitate vesicular uptake. 38 Fluid phase pinocytosis in vitro measured with the small, neutral radioactive tracer, 14 C-sucrose, may not accurately reflect the uptake of complex macromolecules. Therefore, the effect of fibrin on EC uptake and transport of specific plasma components, such as lipids, remains to be clarified.
Although the interaction of fibrin with EC in vivo and in vitro is poorly understood, the interaction of fibrin with other types of cultured cells has been extensively investigated. Fibroblasts maintained in the presence of fibrin have altered rates of growth, glycosaminoglycan synthesis, and oxygen consumption. 39 Fibrin deposition also alters the production of plasminogen activator by fibroblasts. 40 Fibrin and fibrinogen bind to platelets, 41 macrophages, 42 and fibroblasts. 43 Platelets and fibroblasts can induce the retraction of a fibrin clot. 4144 Fibronectin, which binds to fibrin in vitro, may play a role in the binding of fibrinogen and fibrin to macrophages 42 and fibroblasts. 43 Fibrinogen and fibrin are coupled to fibronectin and to the surfaces of cultured cells by means of a transglutaminase, factor XIII. 45 EC in vitro produce and secrete fibronectin into the culture media and deposit fibronectin into the extracellular matrix; little fibronectin is detected on the luminal surface of EC. 48 The role of fibronectin in the interaction of EC with fibrin is unclear. In summary, these data coupled with the data reported in the present study indicate that fibrin can interact with cells in vitro and influence a number of cellular functions including growth, morphology, and adhesion.
